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a b s t r a c t
Citrus tristeza virus (CTV), one of the most economically important viruses, produces a unique protein,
p33, which is encoded only in the genomes of isolates of CTV. Recently, we demonstrated that
membrane association of the p33 protein confers virus ability to extend its host range. In this work
we show that p33 shares characteristics of viral movement proteins. Upon expression in a host cell, the
protein localizes to plasmodesmata and displays the ability to form extracellular tubules. Furthermore,
p33 appears to trafﬁc via the cellular secretory pathway and the actin network to plasmodesmata
locations and is likely being recycled through the endocytic pathway. Finally, our study reveals that p33
colocalizes with a putative movement protein of CTV, the p6 protein. These results suggest a potential
role of p33 as a noncanonical viral movement protein, which mediates virus translocation in the
speciﬁc hosts.
& 2015 Elsevier Inc. All rights reserved.
Introduction
Citrus tristeza virus (CTV) is the largest and most complex
member of the family Closteroviridae, which contains RNA viruses
of higher plants (Agranovsky, 1996; Bar-Joseph et al., 1979; Dolja
et al., 1994, 2006; Karasev, 2000). CTV causes two economically
important diseases in plants of the genus Citrus and its close
relatives: quick decline and stem pitting, which have led to the
death of millions of citrus trees all over the world (Moreno et al.,
2008). The long ﬂexuous virions of CTV (2000 nm by 10–12 nm)
are composed of a single-stranded genomic RNA of approximately
19.3 kb encapsidated by two coat proteins (Kitajima et al., 1964;
Satyanarayana et al., 2004). The CTV genome is organized into 12
open reading frames (ORFs; Fig. 1; Pappu et al., 1994; Karasev
et al., 1995). ORFs 1a and 1b are expressed from the genomic RNA
and encode polyproteins required for virus replication. ORF 1a
encodes a 349-kDa polyprotein containing two papain-like pro-
tease domains plus methyltransferase-like and helicase-like
domains. ORF 1b contains an RNA-dependent RNA polymerase
domain that is expressed via aþ1 frameshift upon translation
of the preceding ORF. The other ten ORFs are expressed via 30-
coterminal subgenomic RNAs (sgRNAs) and encode the following
proteins: the major and minor coat proteins (CP and CPm,
respectively), p65 (HSP70 homolog), and p61, which are required
for assembly of virions (Satyanarayana et al., 2000); a hydrophobic
p6 protein with a putative role in virus movement (Tatineni et al.,
2008); p20 and p23, which are suppressors of RNA silencing along
with CP (Lu et al., 2004); and p33, p18, and p13, which are
dispensable for infection of a number of citrus varieties, however,
are required for systemic infection of a few others (Tatineni et al.,
2008, 2011). For instance, presence of the p33 gene in the virus
genome allows infection of sour orange, lemon, grapefruit, and
calamondin, while p13 and p18 appear to carry out some redun-
dant functions in the latter two hosts. In the absence of p33, p18
permits CTV infection of grapefruit, while p13 allows the virus to
infect calamondin (Tatineni et al., 2011). In addition to extending
virus host range, p33 plays an important role in virus super-
infection exclusion, a phenomenon in which a primary viral
infection prevents a secondary infection with the same or closely
related virus (Folimonova, 2012). CTV mutants that failed to
produce functional p33 were unable to exclude superinfection by
the parental wild type virus (Folimonova, 2012).
The p33 protein is a unique protein, which is encoded only in
the genomes of isolates of CTV. The protein does not share
similarity with any other known proteins, which complicates its
characterization. Its mode of action in mediating virus interaction
with speciﬁc hosts as well as the mechanism by which the protein
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confers superinfection exclusion are largely not understood. One
hypothesis made in an earlier work, which examined the ability of
CTV deletion mutants, including a mutant containing a deletion
within the p33 gene, to infect a series of citrus hosts, is that the
protein could assist the virus in entering a long-distance transport
pathway from initially infected cells (Tatineni et al., 2011).
Viral infection of a plant is a complex process that requires
sequential accomplishment of several key events such as virus
invasion and replication in the initial cell, followed by intracellular
sorting of virus proteins and nucleic acids, cell-to-cell and long-
distance movement of virus nucleoprotein particles, and virus
multiplication in the distant parts of a plant. Virus cell-to-cell
movement is mediated by virus movement proteins (MPs) and
occurs through plasmodesmata (PD) (Lucas, 2006; Benitez-Alfonso
et al., 2010). All plant viruses encode one or more proteins that are
required for the virus movement (reviewed in Schoelz et al. (2011)).
Some of the viral MPs, for instance, the 30 KMP of Tobacco mosaic
virus (TMV), act in association with host factors to increase the size
exclusion limit of PD and bind viral RNA in order to transport viral
nucleic acid-protein complexes through PD channels (Heinlein
et al., 1998; Wright et al., 2007; Guenoune-Gelbart et al., 2008;
Benitez-Alfonso et al., 2010; Schoelz et al., 2011). Other MPs, such as
MPs of Cowpea mosaic virus (CPMV) and Cauliﬂower mosaic virus
(CaMV), form tubules protruding within the restructured PD, which
assist in transporting virions rather than viral RNA (Lazarowitz and
Beachy, 1999; Schoelz et al., 2011). On the other hand, movement
form of many viruses remains unknown. In general, most of viral
MPs, if not all, work in association with different host factors.
Moreover, they often interact with various components of the host
cell such as the cytoskeleton and the endomembrane system,
including the endoplasmic reticulum (ER), Golgi, and other orga-
nelles, and utilize cellular protein trafﬁcking pathways for intracel-
lular movement from sites of virus replication to the plasma
membrane (Heinlein et al., 1995, 1998; Huang et al., 2000;
Pouwels et al., 2002; Andika et al., 2013).
Long-distance transport of plant viruses occurs through the
phloem vasculature. To access the phloem, viruses must cross
several intercellular boundaries, which would necessitate traversing
PD of bundle sheath cells, phloem parenchyma, and companion
cells. The involvement of viral factors in long-distance movement
and the modes of their action in phloem loading and unloading are
less understood. Some of them appear to function as viral suppres-
sors of host RNA silencing defense, so their effect on virus spread is
indirect. Importantly, the requirements of viral factors for systemic
movement could be host species-dependent as demonstrated for
the P17 protein (ORF4) of Potato leafroll virus (Lee et al., 2002).
The movement process of CTV and closteroviruses in general is
poorly understood. It is thought that CTV transports throughout a
plant in a form of virus particles (Price, 1966), and, thus, viral
proteins that are involved in virion assembly such as HSP70h, p61,
CP, and CPm were suggested to be involved in virus spread. In
addition, a small hydrophobic protein p6 was shown to be neces-
sary for virus movement, yet it was not required for assembly of
virions (Tatineni et al., 2008). This was in agreement with the
observations made for another representative of the genus Closter-
ovirus in the family Closteroviridae, Beet yellows virus (BYV). Genetic
analysis indicated that the BYV cell-to-cell movement requires the
functions of ﬁve proteins: p6, Hsp70h, p64 (an ortholog of the p61
protein of CTV), CPm, and CP (Peremyslov et al., 1999; Alzhanova
et al., 2000). A non-structural p6 protein was shown to be an
integral type III transmembrane protein, which colocalizes with the
ER (Peremyslov et al., 2004). Besides these proteins, two other BYV
proteins – the p20 protein and the leader protease L-Pro–were
shown to be needed for the long-distance movement (Prokhnevsky
et al., 2002; Peng et al., 2003).
In our recent study we showed that p33 is a membrane-
associated protein that is anchored to the membrane via a
C-terminal transmembrane domain (Kang et al., 2015). We also
demonstrated that disruption of the membrane localization of p33
affected virus ability to infect speciﬁc hosts (Kang et al., 2015). Here
we examined the subcellular distribution of the p33 protein in more
detail in order to obtain additional information that would shed
some light on its function. We show that p33 exhibits some of the
characteristic features found for a number of MPs of other plant
viruses. The protein displays PD localization upon its expression in
plant cells and has the ability to form tubules extending from the
protoplast surface. We also found that p33 uses the cellular
secretory pathway along with the actin network and trafﬁcs with
the endosome population inside the cell. Moreover, p33 colocalizes
with the p6 protein of CTV that is thought to be a canonical MP of
the virus. A potential role of p33 in virus movement is discussed.
Results
p33 forms vesicular structures and localizes to PD in Nicotiana
benthamiana
To analyze the intracellular localization of p33, we used a
construct in which the p33 gene was fused to the green ﬂuor-
escent protein (GFP) gene and placed under the 35 S promoter in a
binary vector (pGFP:p33; Kang et al., 2015). Agrobacterium tume-
faciens-mediated delivery of a cassette encoding the fusion protein
into leaves of N. benthamiana plants allowed observation of the
distribution of GFP-tagged p33 in cells of the inﬁltrated leaves. In
our recent work, we showed that the GFP:p33 fusion protein
accumulated at the cytoplasmic membrane and also formed
vesicular bodies distributed throughout the cytoplasm but not in
the nucleus (see Kang et al. (2015) and Fig. 2A, white arrows).
Similar distribution of the GFP-tagged p33 was observed also
under the conditions when p33 was expressed from the native
promoter upon virus infection (Kang et al., 2015). Here we
extended our microscopy observations to examine the details of
the intracellular localization of p33 in order to identify association
of the protein with particular cellular structures. Analysis of
individual sections at higher magniﬁcation revealed that p33
accumulated in stationary punctate spots along the cell periphery
(Fig. 2B, white arrow), which is a characteristic of PD localization.
Further evidence that these punctated sites were PD was obtained
by demonstrating colocalization of such sites with callose, a
structural and functional component of PD, by applying a
callose-speciﬁc staining dye, the aniline blue (Sagi et al., 2005),
to N. benthamiana leaves expressing GFP:p33. The aniline blue
colocalized with GFP-tagged p33 in these punctated spots along
the plasma membrane (Fig. 2C, white arrows) conﬁrming PD
localization of the p33 protein.
Fig. 1. Schematic diagram of the genome organization of CTV. The open boxes represent open reading frames (ORFs; 1a through 11) and their translation products. PRO,
papain-like protease domain; MT, methyltransferase domain; HEL, helicase domain; RdRp, an RNA-dependent RNA polymerase; HSP70h, HSP70 homolog; CPm, minor coat
protein; CP, major coat protein.
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p33 forms extracellular tubules in N. benthamiana protoplasts
In order to further characterize the intracellular localization
pattern of p33, leaves of N. benthamiana expressing GFP:p33 were
treated with the cell wall degrading enzymes to obtain protoplasts.
Surprisingly, approximately 80% of the observed protoplasts
exhibited ﬂuorescing tubules of a variable size and in a variable
number protruding distally from the cell surface (Fig. 3, white
arrows). As shown on the representative protoplast images in
Fig. 3, cells expressing GFP:p33 had a high number of tubules of
various length. Those structures likely resulted from the deposits
of p33 at PD. Since the protoplasts were derived from tissue that
did not contain the virus or any other virus-derived components
besides p33, this result suggested that p33 itself was responsible
for the formation of tubules.
Trafﬁcking and localization of p33 requires the secretory pathway
As we showed above, p33 accumulates in PD and also in
numerous vesicular bodies distributed throughout the cells. The
size of these vesicles ranged from 1 to 6 mm, with most of them
having the larger diameter. To further investigate the nature of
these vesicles, we examined whether they colocalize with certain
cellular membranous structures. First of all, p33 vesicles showed
colocalization with the ER-speciﬁc marker, the red ﬂuorescent
protein (RFP)-tagged ER luminal retention signal HDEL (Goodin
et al., 2007; Fig. 4A, white arrows). Coexpression of GFP:p33 with
Golgi apparatus-speciﬁc marker, the RFP-tagged α-1,2 mannosi-
dase I, the resident Golgi protein, which contains a signal targeted
to the intermediate Golgi apparatus (Goodin et al., 2007), revealed
colocalization of vesicles formed by p33 with the latter marker
Fig. 2. Intracellular localization of the p33 protein. Images show confocal projection (A) and confocal single sections (B) and (C) of N. benthamiana cells expressing GFP:p33.
(A) The projection shows vesicles formed by GFP-tagged p33 in the cytoplasm and p33 deposits on the cellular membrane (white arrows). (B) A single section from the
projection shown in A shows ﬂuorescing punctate spots on the membrane resembling PD (white arrow). (C) A single section shows colocalization of GFP:p33 and the aniline
blue staining, PD localization marker, in these punctate spots (white arrows). Scale bars¼10 mm.
Fig. 3. p33 forms extracellular tubules. Images show confocal single sections of N. benthamiana protoplasts derived from leaves expressing GFP:p33. GFP:p33 forms
extracellular tubules (white arrows), which are visualized along with the autoﬂuorescence of the chloroplasts (purple marking). Scale bar¼10 mm.
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Fig. 4. Intracellular trafﬁcking of p33 involves the secretory pathway. (A) and (B) images show confocal projection of N. benthamiana cells expressing GFP:p33 and the RFP-
tagged ER luminal retention signal HDEL (A) or GFP:p33 and Golgi apparatus-speciﬁc marker, the RFP-tagged α-1,2 mannosidase I (B). GFP:p33 colocalizes with the ER and
Golgi (white arrows on the small panels that represent single sections). (C) and (D) images show confocal projection of N. benthamiana cells expressing the ER marker
((C) characteristic ﬁlaments are indicated by white arrows) or the Golgi marker ((D) small aggregates of Golgi structures are shown by white arrows). (E) Image shows
confocal projection of N. benthamiana cells co-expressing GFP:p33 and a peroxisome marker. GFP:p33 does not colocalize with the peroxisome population. (F) and (G) images
show confocal projection of GFP:p33-expressing N. benthamiana cells upon treatment with DMSO as control (F) or with BFA (G). The treatment with BFA led to a change of
the GFP:p33 phenotype as compared to the control. Three independent experiments were analyzed and about 30 cells were observed. (H) The graph shows percentage of
protoplasts prepared from N. benthamiana cells expressing GFP:p33 that exhibited p33-containing tubules after treatment with DMSO or with BFA. The BFA treatment led to
a statistically signiﬁcant reduction in the number of protoplasts with tubules (pvalueo0.0001). Three indepedent experiments were analyzed and about 100 cells per
experiment were observed. Scale bars¼10 mm.
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(Fig. 4B, white arrows). These observations suggested that p33-
induced vesicles are derived from the ER and also from Golgi
structures. Importantly, we observed a completely different phe-
notype in cells that were inﬁltrated with the ER or Golgi marker
but did not expressed p33. None of the characteristic p33 vesicles-
like formations were visualized in the cells of those control
samples (Fig. 4C and D). Instead, we observed a typical appearance
of the ER and Golgi organelles, with the ER-formed thin ﬁlaments
seen throughout the cell (Fig. 4C, white arrows) and small
aggregations of the Golgi apparatus distributed in the cytoplasm
(Fig. 4D, white arrows). This suggested that overexpression of p33
resulted in the rearrangement of these cellular structures.
Along with the ER and Golgi markers, we used a marker for
peroxisomes (the citrate synthase fused to RFP; N. Peeters, personal
communication; Mano et al., 2002) and found that GFP:p33 does
not colocalize with the latter organelles (Fig. 4E). Indirectly, this
negative result indicated that colocalization of the p33 protein with
the ER and Golgi structures was speciﬁc and not due to an artifact.
Trafﬁcking of proteins to PD has been shown to exploit the cellular
secretory pathway (Laporte et al., 2003; Andika et al., 2013). There-
fore, considering the observed association of p33 with the ER and
Golgi, we hypothesized that ER-to-Golgi trafﬁcking could play a role
in p33 intracellular dynamics. In order to investigate the role of the
secretory pathway in p33 movement to PD, we tested the effect of a
fungal toxin Brefeldin A (BFA), which inhibits protein transport from
the ER to the Golgi apparatus by inhibiting formation of transport
vesicles (Nebenführ et al., 2002), on p33 subcellular localization and
on tubule formation. Application of BFA changed the intracellular
distribution of the GFP-tagged p33 protein in cells of N. benthamiana
leaves (Fig. 4F and G). Indeed, upon incubation with BFA, GFP:p33
showed numerous small aggregates all around the cytoplasm
(Fig. 4G). The BFA treatment also resulted in the reduction of a
number of p33 formed tubules extending from the surface of treated
protoplasts (Fig. 4H), which suggested that much less protein was
deployed at PD. Occasionally, some tubules were still seen after the
treatment. This was likely due to an incomplete inhibition of secretion
Fig. 5. p33 utilizes the actin network for the intracellular trafﬁcking. (A) images show confocal projection (on the left) and a single section (on the right) ofN. benthamiana cells co-expressing
RFP:p33 and GFP:talin, the actin marker. The single section shows connection between RFP:p33 vesicles and the actin ﬁlaments (white arrow). Scale bars¼10 mm. (B) Images show confocal
projection of N. benthamiana cells co-expressing RFP:p33 and GFP:talin upon treatment with DMSO (top row) and with LatB (below). LatB radically changed the distribution of RFP:p33 and
the actin as compared to the control. Three indepedent experiments were analyzed and about 30 cells per experiment were observed. Scale bars¼30 mm. (C) The graph shows percentage of
protoplasts prepared from N. benthamiana cells expressing RFP:p33, which exhibited p33 tubules after treatment with DMSO or with LatB. The LatB treatment led to a statistically signiﬁcant
reduction in the number of protoplasts with tubules (pvalueo0.0001). Three indepedent experiments were analyzed and around 100 cells per experiment were observed.
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or to the preexisting GFP:p33 molecules within PD channels prior to
the addition of BFA. The dramatic changes that occurred after the
treatment in the distribution of p33, therefore, indicated that p33
utilizes the cellular secretory pathway for trafﬁcking to PD locations.
Trafﬁcking and localization of p33 requires the actin network
Transport of proteins to PD has been shown to exploit the actin
cytoskeleton (Amari et al., 2011; Sun et al., 2013). To investigate
the role of actin in p33 intracellular distribution and trafﬁcking, a
speciﬁc actin marker, GFP:talin (Martin et al., 2009) was co-
expressed with the RFP-tagged p33 in N. benthamiana leaves.
The p33 vesicles (shown in red in Fig. 5) co-aligned with the
GFP-marked actin ﬁlaments (Fig. 5A, white arrows). Treatment of
leaves with the actin chemical inhibitor Latrunculin B that acts as a
disruptor of actin microﬁlament organization resulted in the lack
of the association of p33 vesicular bodies with the actin ﬁlaments
(Fig. 5B). Indeed, the subcellular distribution of the p33 protein
changed drastically (Fig. 5B). The disruption of the actin network
resulted in the disappearance of the vesicles. The RFP-tagged p33
signal was diffused throughout the cytoplasm. This effect also
correlated with a signiﬁcant reduction of p33 tubule formation
(Fig. 5C). Altogether, these observations suggested that p33 traf-
ﬁcking requires the actin network.
p33 vesicles colocalize with endosome population
Some of p33 vesicles were seen in close proximity to the plasma
membrane (Fig. 2A). Thus, we examined whether these vesicles
were derived from the plasma membrane by using the lipophilic
dye FM4-64, a speciﬁc marker for plasma membrane internalization
and endosome population (Ueda et al., 2001; Bolte et al., 2004).
After the incubation of N. benthamiana leaves expressing GFP:p33
with FM4-64 the dye labeled the plasma membrane and all the
vesicles formed by p33 (Fig. 6A, white arrows), which indicated that
p33 vesicles were derived from the plasma membrane and the
protein utilizes the endocytic pathway in intracellular trafﬁcking.
Colocalization with FM4-64 suggested that p33 might be recruited
as a cargo protein. It has been demonstrated that the recruitment of
cargo proteins is mediated by a conserved Tyr-sorting signal, YXXØ,
where Ø is a bulky hydrophobic residue and X is any amino acid (Ohno
et al., 1995; Bonifacino and Dell’Angelica, 1999). The amino acid
sequence of p33 contains three putative Tyr-based sorting signals
(Fig. 6B). Due to the redundant function of such motifs (Carluccio et al.,
2014), we chose tomutate all of them in order to assess their functional
importance for p33 trafﬁcking. Using the results of the previous studies,
which established the effect of substitutions of different amino acids
within those motifs (Ohno et al., 1996; Carluccio et al., 2014), as a guide
for the mutagenesis, a construct encoding the GFP-tagged p33 mutant,
pGFP:p33mt, in which Gly replaced both Tyr and the third amino acid
in all three YXXØ motifs was generated. Mutations of the three
conserved Tyr-based sorting motifs abolished the targeting of the
fusion protein to vesicles and to PD (Fig. 6C). The triple mutant showed
presence of the GFP-labeled amorphous aggregates inside the cyto-
plasm, and no GFP:p33mt was seen at PD locations. Furthermore,
protoplasts derived fromN. benthamiana leaves expressing themutated
protein showed lack of tubule formation, which indicated that no
p33mt was deployed at PD (Fig. 6D). A similar effect was observed with
Fig. 6. Involvement of the endocytic pathway in p33 intracellular trafﬁcking. (A) Images show confocal projection of N. benthamiana cells expressing GFP:p33 upon staining with
FM4-64 dye (shown in red). GFP:p33 vesicles colocalize with FM4-64 dye (white arrows on the small panels representing single sections). Scale bar¼20 mm. (B) The ﬁgure shows
position of the three YXXØmotifs present in the p33 amino acid sequence. (C) Image shows confocal projection of N. benthamiana expressing GFP:p33 YXXØ triple mutant (p33mt).
Scale bar¼20 mm. (D) Image shows confocal projection of a protoplast prepared from N. benthamiana leaves expressing GFP:p33 YXXØ triple mutant. Scale bar¼10 mm.
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a mutant in which only one of the three YXXØ domains in the p33
protein was mutated (see Supplementary Fig. S1). The observations
made in these experiments demonstrated that the YXXØmotifs known
to mediate the recruitment of cargo proteins are essential for the
cellular distribution of p33 and provided another evidence that p33
trafﬁcs through the endocytic pathway.
p33 colocalizes with p6, the putative movement protein of CTV
The observations described above revealed that p33 has some
characteristics that were shown to be typical features of various
viral MPs (see Discussion). Based on this, we hypothesized that p33
could possibly function along with another protein of CTV, the p6
protein. This protein along with its orthologs from other closter-
oviruses is thought to be the virus MP (Alzhanova et al., 2000;
2001; Peremyslov and Dolja, 2002; Tatineni et al., 2008). The
examination of the intracellular localization of the RFP-tagged p6
showed that p6 formed a few small aggregates, most of which
averaged around 1 μm, in some cases found in close proximity to
the cellular membrane, and also showed a net-like appearance
throughout the cytoplasm, which resembled the ER network
(Fig. 7A). Indeed, coinﬁltration of RFP:p6 with the ER-marker
revealed that p6 of CTV colocalized with the ER (Fig. 7B, white
arrow), which was in agreement with previous observations made
for the p6 protein of BYV (Peremyslov et al., 2004). Remarkably,
when RFP:p6 was coexpressed with GFP:p33, both proteins colo-
calized together (Fig. 7C, white arrows). When GFP:p33 was co-
expressed with another CTV protein labeled with a ﬂuorescent
protein, RPF:p20, both proteins were found in different locations
throughout the cell, thus conﬁrming that the observed colocaliza-
tion of the p33 and p6 proteins was speciﬁc (Fig. 7D).
Discussion
In this work we conducted an examination of the intracellular
localization of the p33 protein with a purpose of obtaining further
understanding of the role of this protein in viral pathogenesis. We
showed that upon expression p33 is present within cytoplasmic
vesicles as well as accumulates at PD locations. Preparations of
protoplasts from cells expressing the protein demonstrated that p33
forms tubules protruding through PD channels. The p33-formed
vesicles colocalized with the ER and Golgi compartments as well as
with the endosome population, suggesting that p33 appears to utilize
the cellular secretory pathways and, possibly, endocytic-recycling
pathway along with the actin network to translocate to PD.
Interestingly, such characteristics appear to be typical for viral
proteins involved in virus movement (for review see Harries et al.
(2010)). In particular, PD localization and tubule formation are
features known to be associated with viral MPs and were often
used as a ﬁrst evidence that a viral protein could play a role in virus
transport (reviewed in Benitez-Alfonso et al. (2010)). Some exam-
ples are the NSm protein of Tomato spotted wilt virus (Storms et al.,
1995), the P1 protein of CaMV (Perbal et al., 1993), the 2B protein of
Grapevine fanleaf virus (GFLV) (Ritzenthaler et al., 1995), and the
48 kD protein of CPMV (Wellink et al., 1993). All these canonical
MPs were shown to display PD localization and the ability to form
extracellular tubules. Interestingly, most viruses shown to have MPs
associated with tubule formation have isometric virions (reviewed
in Schoelz et al. (2011)), while the number of ﬁlamentous viruses
encoding tubule-forming proteins is limited, and those include
Apple chlorotic leaf spot virus (Satoh et al., 2000) and, as we showed
here, CTV. Furthermore, a number of viral MPs were reported to
utilize secretory pathway to trafﬁc within the cell. The GLFV MP
(Laporte et al., 2003), the MPs of Melon necrotic spot virus (Genoves
et al., 2010) and Chinese wheat mosaic virus (Andika et al., 2013) are
few examples. Additionally, the involvement of the actin cytoske-
leton in virus intracellular movement was shown for MP of TMV
(Wright et al., 2007), Cucumber mosaic virusMP (Su et al., 2010), and
GFLV MP (Amari et al., 2011). On the other hand, only few viral MPs
have been shown to interact with the endocytic pathway, with the
TGB2 protein of Potato mop-top virus and CaMV MP being some of
the examples (Haupt et al., 2005; Lewis and Lazarowitz, 2010;
Carluccio et al., 2014). Although the connection between the plant
endosomal system and virus movement remains obscure, it has
been suggested that a viral MP that shows the association with
Fig. 7. p33 colocalizes with p6 but not with p20. (A) and (D) images show confocal projection of N. benthamiana cells expressing (A) RFP:p6, (B) both RFP:p6 and the GFP-
tagged ER marker, (C) both RFP:p6 and GFP:p33, (D) both GFP:p33 and RFP:p20. RFP:p6 colocalizes with ER (B) and with GFP:p33 (C) (white arrows on the small panels
representing single sections). RFP:p20 shows cellular aggregates, which do not colocalize with GFP:p33 (D). Scale bars¼10 mm.
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these organelles could be continuously cycled between the plasma
membrane, the trans-Golgi network, and the early endosome,
which provides the appropriate amount of the protein to PD where
it mediates virus translocation to the neighboring cell (Carluccio
et al., 2014). By analogy, we can hypothesize that p33 enters a
similar pathway. In addition, its post Golgi delivery to PD relies on
the actin ﬁlaments. The excess of the protein at the PD could be
then targeted for degradation via late endosomes to the vacuole.
The similarity of these characteristics described for MPs of other
plant viruses to what we have observed with p33 suggests that this
protein could be somehow involved in facilitating virus movement
process. This would be also in the agreement with our ﬁnding that
p33 colocalizes with another viral protein, p6, a transmembrane
protein, which is thought to be a canonical MP of CTV (Tatineni
et al., 2008). Remarkably, though, p33 is not needed for virus
infection and movement in a number of citrus varieties. CTV
variants in which the gene encoding this protein was deleted were
shown to be able to successfully infect, multiply, and move in these
citrus hosts at the rate similar to that of the wild type virus (Tatineni
et al., 2008). On the other hand, the deletion mutants failed to infect
few other citrus genotypes, while still retained the ability to
replicate in protoplasts isolated form those species (Albiach-Marti
et al., 2004; Tatineni et al., 2011), which led to the hypothesis that
p33 could facilitate virus movement in certain hosts (Tatineni et al.,
2011).
The observations made in this work revealed that the p33
protein of CTV has characteristics resembling those of canonical
viral MPs. One possibility is that this protein mediates virus
movement in speciﬁc plant hosts. On the other hand, these
characteristics could be related to its role in virus superinfection
exclusion. Which of those hypotheses is correct and whether there
is an overlap in these two functions remains to be determined.
Materials and methods
Plasmids and constructs
The construct driving expression of the GFP fused to the to p33,
pGFP:p33, was described previously (Kang et al., 2015). This construct
was used as a template for generation of the constructs used in this
work. The pRFP:p33 driving expression of the RFP fused to p33 was
created by obtaining a PCR product by using pGFP:p33 as a template
and oligonucleotides c1728 and RevTEV (a list of primers used to
engineer constructs in this study is provided in supplementary Table
S1) to amplify the 50 non-translated region of Tobacco etch virus
(Carrasco et al., 2007). The second PCR product was obtained using
pCTV-BC5/RFP (Bergua et al., 2014) as a template with oligonucleo-
tides ForRFP and RevRFP to amplify the RFP ORF. The two PCR
products were used to generate an overlap PCR product using primers
c1728 and RevRFP. The next PCR product was obtained using the T36
CTV cDNA clone, pCTV9R (Satyanarayana et al., 2004) as a template
with oligonucleotides RFPp33 and c2177 to amplify the p33 ORF. The
resulting PCR product and the overlap PCR product described above
were used to generate a new overlap PCR product using primers c1728
and c2177. The ﬁnal PCR product was digested with StuI and NcoI
restriction endonucleases and inserted into the pCASS-4N vector
digested with the corresponding restriction endonucleases.
The pGFP:p33YXXØ constructs were obtained using the Quick-
change XL Lightning Site-directed Mutagenesis Kit (Agilent Technol-
ogies) following the recommendations of the manufacturer. The
construct containing a mutation of the third YXXØ domain, pGFP:
p33mt0, was created using pGFP:p33 as a template with the primers
containing the mutation changing the tyrosine at the amino acid
position 123 and the phenylalanine at position 126 into glycine. The
mutation of the ﬁrst YXXØ domain was added using the mutant
described above as the template and primers designed to change the
tyrosine at amino acid position 53 and the leucine at position 56 into
glycine. Finally, mutation of the second YXXØ domain was added
using the construct above carrying substitutions in the ﬁrst and third
domains as the template: and a complementary one changing the
tyrosine at position 57 and the leucine at position 60 into glycine,
which resulted in the triple mutant construct pGFP:p33mt.
The pRFP:p20 construct was created by amplifying a PCR
product with pRFP:p33 as a template with oligonucleotides
c1728 and RevRFPp20. The second PCR product was obtain using
pCTV9R and oligonucleotides Forp20 and Revp20. The PCR pro-
ducts were used to generate an overlap PCR using primer c1728
and Revp20. The resulting PCR product was digested with StuI and
NcoI restrictions endonucleases and inserted into the pCASS-4N
vector digested with the corresponding restriction endonucleases.
The pRFP:p6 construct was created by amplifying a PCR product
using pRFP:p33 as a template with oligonucleotides c1728 and
RevRFPp6. The second PCR product was obtained using pCTV9R and
oligonucleotides Forp6 and Revp6. The PCR products were used to
generate an overlap PCR using primers c1728 and Revp6. The
resulting PCR product was digested with StuI and NcoI restrictions
endonucleases and inserted into the pCASS-4N vector digested with
the corresponding restriction endonucleases. The accuracy of all
generated constructs was verifed by sequencing analysis.
Protein expression in N. benthamiana
Constructs driving expression of proteins fused to ﬂuorescent tags
were transfected into A. tumefaciens GV3101 and the corresponding
colonies were selected on plates made with the Luria-Bertani agar
medium containing 50 mg/ml rifampicin and 25 mg/ml kanamycin
antibiotics as described (Césari et al., 2014). A single colony obtained
from each plate generated upon transformation with individual
constructs was used to prepare an overnight bacterial culture at
28 1C. The culture was pelleted and the pellet was resuspended in a
buffer containing 10 mM MES pH 5.85, 10 mM MgCl2, and 150 mM
acetosyringone and left at room temperature for three hours. Each of
the resuspended bacterial cultures transformed with different con-
structs was then diluted to an optical density at 600 nm equal of 1.
For coinﬁltration experiments, the diluted individual bacterial sus-
pensions were mixed in equal proportions. For single inﬁltrations,
bacterial suspensions derived from the cultures transformed with the
expression cassettes were mixed with a suspension prepared from A.
tumefaciens transformed with an empty vector to ensure that the
amount of a particular construct that is being delivered into a plant
cell is the same as in coinoculation experiments. Inﬁltration of the
bacterial suspensions into leaves of three week-old N. benthamiana
plants was done using a needle-less syringe. Plants were kept in a
growth chamber at 22 1C and observed at four days post inﬁltration.
Isolation of protoplasts
Agroinﬁltrated leaves of N. benthamiana plants were used for
preparation of protoplasts at four days post inﬁltration. Leaves were
cut into thin sections and incubated in the enzymatic solution (1.5%
cellulase “Onozuka” R10, 0.4% macerozyme R10, 0.4 M mannitol,
20 mM MES pH 5.7, 10 mM CaCl2) for three and half hours at 28 1C
in the dark. Protoplasts were separated from undigested tissue by
ﬁltration through Miracloth (http://www.merckmillipore.com) and
washed three times with 0.4 M mannitol, 20 mM MES pH 5.7,
10 mM CaCl2 using centrifugation at 80 g for ﬁve minutes.
Tissue staining
N. benthamiana leaves were inﬁltrated and then incubated
with 10 mg/ml of 40,6-diamidino-2-phenylindole (DAPI) solution
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(Sigma-Aldrich) or with 1 mg/ml FM4-64 (Lifetechnology™) for two
hours at room temperature or with 0.1 mg/ml aniline blue (Bio-
supplies, Australia) during 30 min.
Drug treatments
Drug treatments were performed at four days post agroinﬁltra-
tion. N. benthamiana leaves were inﬁltrated with 50 mg/ml Brefel-
din A (Sigma-Aldrich) or 20 mM Latrunculin B (Fisher Scientiﬁc).
Microscopy observations were done one hour after inﬁltration. For
protoplast studies, protoplasts were incubated in the solutions
described above for one hour prior to microscopy observations.
Microscopy
Samples were observed with Leica TCS SP5 confocal laser
scanning microscope system (Leica Micro-systems, Bannockburn,
IL, USA). GFP ﬂuorescence was detected with excitation at 488 nm
and emission capture at 490–530 nm. RFP ﬂuorescence was
detected with excitation at 555 nm and emission capture at 555–
650 nm. The DAPI and aniline blue ﬂuorophores were excited with a
405 nm laser, and emission was collected from 405 to 500 nm for
DAPI and 460–500 nm for aniline blue. The FM4-64 was excited
with a 514 nm laser, and emission was collected from 550 to
650 nm. The autoﬂuorescence of chloroplasts was captured with a
488 nm laser and collected from 560 to 700 nm. Images were
captured using a 20 objective or a 63 oil-immersion objective.
Statistics
The statistical analyses were performed using GraphPad Prism
software package 5.0 (GraphPad Software Inc., San Diego, USA).
Analyses were performed by Mann-Whitney test. (P) valueso0.05
were regarded as statistically signiﬁcant.
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